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ABSTRACT

Thermal homeostasis is rigorously challenged under extremely hot conditions,
particularly during prolonged exercise, with even highly trained individuals failing to
maintain thermal homeostasis. As a consequence, the incidence of heat illness
increases, particularly during the first five days of heat exposure. However, humans
have evolved so that heat dissipation and conservation mechanisms are able to adapt
to a range of environmental conditions. These physiological changes can be brought
about in response to acute natural climatic changes, artificial heat exposure and to
endurance exercise training. This report summarises the physiological changes
accompanying heat adaptation and critically reviews heat adaptation procedures.
Finally, recommendations are made concerning the implementation of heat adaptation
procedures for military personnel. These recommendations include: specification of
the thermal environment; the level of thermal strain; the use of exercise; exposure
duration; and the subsequent maintenance of heat adaptation.
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Heat Acclimation Procedures: Preparation for
Humid Heat Exposure.

Executive Summary

During military operations and exercises in northern Australia soldiers frequently
have been transferred from duties in the cooler southern states and have been required
to function at peak military efficiency shortly after arrival in the hotter north. Such
soldiers have not been thermally acclimatised and, anecdotally, are prone to varying
degrees of heat strain during operations. Heat illness occurs most frequently during
the first five days of heat exposure with heat exhaustion, an inability to continue work,
the most common heat disorder. Humans have evolved so that heat dissipation and
conservation mechanisms are able to adapt to a range of environmental conditions, as
well as to the combined thermal stresses of exercise and external heat. These
physiological changes can be brought about in response to acute natural climatic
changes, to artificial heat exposure and to endurance exercise producing significant
elevations in body core temperature.

This report summarises the physiological changes accompanying heat adaptation,
critically reviews heat adaptation procedures and makes recommendations concerning
the implementation of heat adaptation procedures for military personnel. It is
proposed that heat acclimation which employs exercise in the heat, in combination
with a controlled hyperthermia technique, provides the most reliable and safest means
by which to acclimate ADF personnel to heat stress.

Several general principles for the heat acclimation process are described. Dry heat
adaptation does not provide optimal protection for humid heat exposure and
therefore it is advisable to use a hot-humid stress which permits both heat adaptation
and psychological adjustment. The ambient temperature for acclimation should be
equivalent to the highest anticipated maximum air temperature and, where possible,
elevated by 5-10°C to magnify thermal stress. It is recommended that body core
temperatures are elevated to at least 38.5°C to ensure an adequate sweat response. Any
exercise mode which elevates core temperature is suitable; bench stepping is both
cheap and well suited for multiple person acclimation. For extended field exposures,
protocols should be based on single, daily exposures of approximately 100 minutes.
Ideally the programs should last as long as possible, with 14 days being the minimum
to ensure complete adaptation. Shorter programs may be used when time is limited; it
is recommended that a minimum of 4 days be used with optimal benefits being gained
from an 8 day protocol. It is imperative that subjects drink adequately between each
phase of acclimation. The benefits of heat acclimation are transient and rapidly
disappear if not maintained by repeated exposure to heat. It is recommended that one
additional heat exposure be used for each 5 days away from significant heat exposures.
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1. Introduction

1.1 Overview of physiological adaptations to repeated heat exposure.

Human thermal homeostasis is rigorously challenged under extremely hot conditions,
particularly during prolonged exercise. The combination of prolonged exercise and
heat exposure forces the cardiovascular system to provide blood flow to exercising
skeletal muscles to satisfy metabolic demands, and blood flow to the skin to dissipate
the heat released from the exercising muscles (Rowell, 1974). Most people can meet
this dual demand, at least for a short duration. However, during prolonged exercise in
the heat, even highly trained individuals may fail to maintain thermal homeostasis,
and will move into positive heat storage. In such situations, the cardiac output is
inadequate to fuel the combined demands for skin and muscle blood flow (Kenney
and Johnson, 1992). When this occurs, blood pressure declines, as the volume of blood
in the dilated capacitance vessels exceeds the circulating blood volume. The
maintenance of blood pressure becomes the most important factor in the heat stressed
individual (Rowell, 1974), and cutaneous vasoconstriction prevents pooling of blood in
dependent cutaneous veins. Once this point is reached, heat dissipation is
compromised, and continued exercise will rapidly elevate body core temperature (Tc),
eventually leading to physiological dysfunction and heat illness.

Heat illness occurs most frequently during the first five days of heat exposure
(Armstrong and Maresh, 1991), with heat exhaustion, an inability to continue work,
the most common heat disorder. However, humans have evolved so that heat
dissipation and conservation mechanisms are able to adapt to a range of
environmental conditions, as well as to the combined thermal stresses of exercise and
external heat. These physiological changes can be brought about in response to acute
natural climatic changes (acclimatisation: Hellon et al., 1956), artificial heat exposure
(acclimation: Nadel et al., 1974; Roberts et al., 1977, Wells et al., 1980), and to endurance
exercise producing significant elevations in body core temperature (Gisolfi and
Robinson, 1969; Henane et al., 1977; Pandolf et al., 1977).

The reduced physiological strain following both acclimatisation and acclimation is
mediated by several adaptations (Table 1). There is an elevation of skin blood flow
(SKBF) in response to heat stress and a lowering of the vasodilatory threshold (Fox et
al., 1963), facilitating the rapid transfer of central body heat to the periphery. The
plasma volume expands, following a reduction in plasma protein loss to the interstitial
fluid (Senay, 1979). This allows the stroke volume to increase and cardiac frequency (fc)
to be reduced (Mitchell et al., 1976; Shapiro et al., 1981; Cadarette et al., 1984). These
changes permit a reduction in both mean skin temperature (Ts) and T for a fixed level
of exercise and heat stress (Mitchell et al., 1976; Pandolf et al., 1977; Houmard et al.,
1990).
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Table 1. Summary of physiological adaptations induced by combined exercise and heat stress.

Reference T, Tsk fe

SkBF

Hellon and Lind (1955) -- -- --
Wood and Bass (1960) -- - --
Fox et al. (1963) -- -- -
Shvartz et al. (1973)
Nadel et al. (1974)

Mitchell et al. (1976)

€«

Roberts et al. (1977)

Pandolf et al. (1977)

Shvartz et al. (1979)

Avellini et al. (1980)

Shapiro et al. (1981)

Avellini et al. (1982)

Cadarette et al. (1984)

Havenith and van Middendorp (1986)
Pandolf et al. (1988)

Houmard et al. (1990)

€ € € € € € € € € € € € €« €

€ € € € € € € § €

Nielsen et al. (1933)

0

&

Abbreviations: T = core temperature; T« = mean skin temperature; f. =

cardiac

frequency; SkBF = skin blood flow; A\ = variable increases; W = variable decrease;

< = variable unchanged; -- = variable not reported.
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Finally, there is an enhancement of the sweat (sudomotor) response. Sweating is our
most effective means of dissipating heat within hot environments, and improved
evaporative cooling represents our most powerful adaptive response. Specifically,
there is an increased sweat rate (msw : Libert et al., 1983; Sato et al., 1990), increased
sweat gland sensitivity relative to Tc, and a decreased T. threshold for sweating (Nadel
et al., 1974). The sweat glands also reabsorb a greater amount of sodium and chloride
from the primary sweat, leading to a greater conservation of electrolytes (Allan and
Wilson, 1971). While similar sudomotor responses may be induced with physical
training in a neutral environment (Nadel et al., 1974; Avellini et al., 1982; Henane et al.,
1977), greater enhancement is typically induced through regular heavy exercise in the
heat. These sudomotor adaptations to combined exercise and heat stress, summarised
in Table 2, can result in a doubling of the peak hourly msw to 2-3 I'h-1, and minimise
the effects of thermal stress upon the internal environment, permitting reduced strain
and elevated heat tolerance, both at rest and during exercise.




DSTO-TR-0580

Table 2. Summary of sudomotor adaptations induced by combined exercise and heat stress.

Reference Total msw Mew Mgy
threshold sensitivity

Fox et al. (1963) N -- --
Fox et al. (1964) n -- --
Henane and Valatx (1972) -- ¥ --
Gisolfi (1973) & -- --
Henane and Valatx (1973) -- -- @
Chen and Elizondo (1974) h -- --
Nadel et al. (1974) -- A
Mitchell et al. (1976) A -- --
Henane et al. (1977) -- 7 A
Roberts et al. (1977) -- v A
Shvartz et al. (1979) -- = A
Avellini et al. (1980) ) & --
Candas et al. (1980) A -- -
Wells et al. (1980) -- ¥ A
Davies (1981) -- v --
Avellini et al. (1982) -- -- A
Libert et al. (1983) -- -- A
Cadarette et al. (1984) -- 7 --
Havenith and van Middendorp (1986) 4 v lh
Pandolf et al. (1988) -- = <
Sato et al. (1990) H -- --
Nielsen et al. (1993) ¢ -- A

Abbreviations: msw = mean sweat rate; threshold = T. at sweat onset; sensitivity =
change in mqy per unit rise in Tc; AN = variable increases; W = variable decreases; & =
variable unchanged; - - = variable not reported.
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2. General Considerations.

2.1 Operational considerations for the selection of heat acclimation
protocols.

Before one can choose and implement an appropriate heat acclimation procedure for
either military or civilian purposes, a number of important preliminary considerations
must be addressed. Section Three of this report presents an overview of six general
means by which heat adaptation may be achieved. However, the selection of the most
appropriate technique is dependent upon consideration of the points noted below.

2.1.1 Safety:

Whenever heat acclimation is attempted, there is some degree of danger to the subject.
In military situations, for reasons of speed and efficiency, there exists a need to
acclimate a number of people simultaneously. This practice magnifies the inherent risk
associated with exercising in the heat. However, this risk can be minimised through
the following procedures.

(2) Monitor the T and f. of each individual during heat acclimation. This may be
performed by medical/technical staff, trained observers, or by the subjects
themselves.

(b) Terminate exposure when either index reaches a predetermined safety threshold.
While such thresholds may vary between organisations, they should be consistent
within an organisation, and should be based upon criteria known to reflect the
probability of heat illness (e.g. Wyndham and Heyns, 1973).

(c) Identify subjects most likely to experience dysthermia prior to commencing heat
acclimation. This involves the identification of states which could predispose an
otherwise healthy person to heat illness (e.g. sleep deprivation, infectious disease,
excess fatigue, various medications, recent alcohol or drug abuse), as well as the
identification of people whose present physical status elevates the risk of heat disorder
(e.g. obesity, poor level of fitness, cardiovascular disease). Strategies may then be
developed for dealing with these people: e.g. elimination from environments or duties
which create exposure risks; development of special heat acclimation regimens and
safety precautions. The following general guidelines are noted for consideration (see:
Wyndham, 1973):
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* personnel with VOopear < 40 ml-kg-1.min-1 may be considered heat intolerant;
* personnel over 40 years will be at greater risk of heat disorder;
* personnel less than 50 kg will be at greater risk of heat disorder;

Table 3 Probability of heat disorders (T, >40°C) in acclimated and unacclimated personnel of
varying cardiorespiratory fitness levels (Wyndham, 1973).

VO2peak Probability n

Unacclimated <2 L.min-1 0.17 9
2-25L.min-1 0.045 19

2.5 -3 L.min-1 0.018 7

>3 L.min-1 0.009 6

Acclimated <2 L.min-1 no estimate 4
2-2.5L.min-1 0.03 13

2.5 -3 L.min-1 0.0003 12

>3 L.min-1 <0.0001 12

Abbreviations:VOzpea = peak aerobic power; n = number of subjects used to determine
probability estimates.

(d) Establish emergency procedures capable of handling all likely medical
complications. All commanders, medical personnel and observers should be
familiarised with the standard signs and symptoms of heat disorders, and be trained in
standard emergency procedures.

2.1.2 Efficiency.

The best form of acclimation may well be natural acclimatisation. However, from the
perspective of military groups, this may be neither possible nor practical. Therefore,
one must consider how to most efficiently acclimate such people. The following points
should be considered.

(a) Efficiency of personnel. What combat to support personnel ratio is deemed
acceptable on both safety and economic grounds? What is the availability of support
staff?

(b) Throughput. How many people need to be acclimated simultaneously?

(c) Acclimation duration. What is the maximal time (number of days, hours per day)
available to devote to heat acclimation?

(d) Acclimation decay. Since military groups may use acclimation procedures prior to
transporting soldiers to hot regions, it is important to know the delay time between the
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soldiers’ final acclimation exposure and arrival at their destination. This will permit
careful prescription of post-acclimation and pre-arrival activities to minimise
acclimation decay.

(¢) Individual needs. Do all personnel have the same requirement for heat
acclimation? Are some individuals already heat acclimated? Are there some activities
in which heat acclimation is a high or low priority?

() Availability of the acclimation facility. Can military personnel come to a fixed
acclimation centre(s), or do operational requirements dictate that a mobile acclimation
station be able to travel to the theatre of operations?

2.1.3 Acclimation specifications:

A prescription for heat acclimation is dependent upon a detailed analysis of the
operational heat acclimation requirements. This provides specifications within which
the safest, most efficient and most appropriate procedures can be established. The
following points provide input to such specifications.

(a) The basal acclimation state of soldiers. In the military environment, data should be
obtained which classifies personnel according to acclimation status and physical
fitness. It may be possible to broadly classify the acclimation status of personnel
according to the predominant regional climatic conditions and then to sub-classify
personnel within these regions according to physical fitness. As an operational
definition, it is suggested that basal acclimation could be identified using a standard
heat stress test (e.g. Turk, 1974) to which a terminal T. threshold of 38°C could be
used to identify those who require test acclimation treatment (after: Dreosti, 1935).
It may also be possible to establish an index of acclimation state based upon the mqw
: T relationship, as recommended by Havenith and van Middendorp (1986).

(b) Worst case thermal stress. What is the most stressful set of conditions to which
personnel will be exposed? Consideration here must be given to: environmental
conditions (ambient temperature and humidity); anticipated work loads (daily
average and peak work rates); clothing ensembles (normal and protective clothing).

(c) The level of heat acclimation required. From a consideration of the points above,
what levels of heat acclimation will be deemed minimal and optimal? Will a partial
acclimation be acceptable? For example, in a situation where time is critical, it may
be possible to shorten acclimation, allowing the final stages of adaptation to occur
within the field, but under restricted duties or conditions.

(d) Definition of heat acclimation. Since heat acclimation is a continuum, with
distinctly different short- and long-term phases (Horowitz and Meiri, 1993; Libert et
al., 1988), and since different physiological variables plateau at different points
during acclimation (Armstrong and Maresh, 1991), it is essential to establish criteria
for determining acceptable levels of acclimation (e.g. attainment of plateau). Which
physiological variable will be monitored as an index of acclimation state (e.g. T, f,
mew )? All three of these variables are indices of thermal strain, and impart
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information about the progress of acclimation. However, f. is more closely related to
cardiovascular fitness, while T. and msw are better correlated with acclimation state
(Havenith and van Middendorp, 1986).

(e) Critical heat exposure work duration. It is well known that heat acclimation
protocols lasting one to two hours provide minimal protection when workers are
faced with heat stress duties lasting four hours or longer (Avellini et al., 1980;
Wyndham, 1973). Accordingly, detailed operational duties and schedules become
fundamental background information for the development of heat acclimation

regimens.

(f) Test of heat acclimation. Turk (1974) has recommended the following simple test to
assess heat acclimation status : one hour bench stepping (30.5 cm step), 12 steps per
minute, 47.70C (31.7°C wet bulb). Failure to maintain T. <38°C (after: Dreosti, 1935)
constitutes test failure.

3. Heat Acclimation Procedures.

3.1 General overview of the principles and practices of heat
acclimation.

While it is generally recognised that natural acclimatisation is the best means by which
to acquire heat tolerance (Edholm et al., 1963), it is usually not possible for all people to
utilise such an adaptation procedure. For example, military personnel require the
ability to rapidly move from one environment to another without suffering either the
consequences of dysthermia, or reduced work rates during the adaptation period.
Since thermal adaptation may result from stresses other than those of direct thermal
origin, organisations have employed a variety of heat adaptation techniques to induce
positive cross adaptation. These methods facilitate various levels of pre-exposure heat
adaptation, and may be considered to fall into six general acclimation categories. The
following sections contain general overviews of these techniques and brief
methodological critiques.

3.1.1 Passive heat acclimation.

Since both endogenous and exogenous heat sources give rise to acclimation responses
(Hensel, 1981; Wells et al., 1980), heat adaptation can be induced by passively raising
the Tc through the application of heat at the skin surface. This has been achieved using
water baths, saunas, climate chambers and vapour-barrier suits (Fox et al., 1963, 1964,
1967; Fox, 1968; Sugenoya et al., 1986; Ogawa et al., 1988; Inoue et al., 1995). The most
sophisticated of these techniques was developed using the last technique, in which
vapour-barrier suits were used to clamp an elevated T. (Fox et al., 1963, 1964, 1967;
Fox, 1968). This method is generally described as “controlled passive hyperthermia', with
its critical feature being the regulation of an elevated T.. Since this group was aware
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that it was the stress provided by an elevated deep body thermal input that was the
essential stimulus to acclimation, they developed the following method:

(a) Rapid T. elevation to 38°C with exercise in the heat (40°C);

(b) Dress subjects in vapour-barrier suits; and

(c) Clamp T. by placing subjects in a room at 38°C for 2 h, and venting the suit to
regulate heat loss.

While this method proved most successful at achieving an acclimation effect (Fox et
al., 1963, 1964, 1967; Fox, 1968), passive acclimation generally is believed to be less
effective than methods which incorporate an exercise stress into the acclimation
regimen (Shapiro et al., 1981; Wyndham, 1973), making it both a protracted and an
unpleasant procedure to produce a sufficiently high elevation in core temperature.

3.1.2 Exercise-induced heat adaptationf

It has long been known that exercise elevates T, and that this elevation is directly
related to the intensity of the exercise stress (Nielsen, 1938; Saltin & Hermansen, 1966).
Since habitual exercise of sufficient intensity and duration not only elevates T, but acts
to maintain this elevation over an extended period, then exercise can induce heat
adaptation responses. This was first suggested by Robinson et al, (1943), Bean and
Eichna (1943), and Bass et al. (1958). In fact, Greenleaf (1964) and Piwonka et al. (1965)
have described their trained subjects as behaving in the heat as if they were already
acclimatised. Such increased heat tolerance with training has been attributed to
stimulation of both the sweat glands and skin blood flow (Piwonka et al., 1965). For
example, increased evaporative heat loss is facilitated by an earlier sweat onset (Nadel,
1979) and a greater sweat sensitivity (Wells et al., 1980). Moreover, an elevation in
aerobic power (VOzpeak) accompanying training permits a greater cardiovascular
stability (Gisolfi and Robinson, 1969; Wells et al., 1980), and more favourable body-
fluid dynamics (Senay, 1979). In fact, it has been suggested that the essential
component of exercise in any heat acclimation programme is due to its effects upon the
cardiovascular system, and the manner in which those adaptations facilitate heat
dissipation (Wyndham, 1973). '

A further advantage of training is that subjects who possess an elevated basal fitness
level appear to respond more rapidly to traditional heat acclimation protocols
(combined exercise and heat stress) than do more sedentary subjects (r = -0.68: Pandolf
et al., 1977; Cohen and Gisolfi, 1982). Pandolf et al. (1977) found that subjects with a
VOspeax greater than 65 mL-kg1-min could be acclimated to achieve a stable heat stress
f. and T. within about four days! Furthermore, subjects who show a retarded
acclimation response often do so because they have a low basal fitness level (Kok,

17t is important to exercise caution here. While numerous forms of exercise elevate VO2zpeak, only those
forms of exercise which also elevate T may be considered applicable to this relationship. Thus, it is not
necessarily a high VOopeak per se that enhances the heat acclimation response, but the manner in which the
VOzpeak Was elevated (i.e. the mode of training).
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1973). Consequently, the early part of the traditional acclimation regimen acts more to
elevate fitness than it does heat adaptation, and such subjects require longer
acclimation periods to achieve a satisfactory acclimation status.

Various groups have studied the efficacy of exercise-induced heat adaptation, producing
data ranging from full support of the technique (Gisolfi and Cohen, 1979) to that which
shows little advantage at all (Turk and Worsley, 1974). However, it is clear from
studies conducted on swimmers (Hennane et al., 1977), and the sweatless training
work of Hessemer et al. (1986), that exercise per se is not a sufficient stimulus to induce
heat adaptation. The exercise regimen must induce, and hold, an elevated T. to
provoke adaptations conducive to greater heat tolerance.

Numerous exercise regimens have been tested over the past 50 years. However, the
major limitation of the vast majority of the research conducted on this theme is the
disregard for the need to monitor and report changes in Tc. Many such studies have
revealed equivocal evidence. Most of these results could simply be explained on the
basis of a failure of the exercise regimen to adequately elevate T.. For example, Edholm
et al. (1963) and Turk and Worsley (1974) relied upon traditional military training,
regulated by drill instructors, to provide an assessment of the efficacy of exercise-
induced heat adaptation. Similarly, groups such as Cohen and Gisolfi (1982) have
evaluated the effects of different training intensities upon subsequent heat tolerance,
but without monitoring the impact of these protocols upon T.. While such work is
often cited within the literature, it is not possible to draw scientifically sound
conclusions from these studies. Exceptions to this include the work of Shvartz et al.
(1973) and Regan et al. (1996), both of which have shown that exercise-induced heat
adaptation is not as effective as traditional heat acclimation. On the basis of first
principles knowledge, and a distillation from the literature, the following general
points appear valid.

(a) Exercise-induced heat adaptation depends upon the capacity of the exercise regimen to
sufficiently elevate T, and to hold that elevation for a sufficiently long period.

(b) This T. rise is best achieved in conditions in which convective, conductive and radiative
heat losses are minimised.

(c) Higher intensity exercise provides for a more rapid and greater elevation in T..

(d) Given that a minimal exercise intensity must be used to sufficiently elevate T., the total
volume of training appears to be more critical than the intensity, once this minimal intensity
threshold has been obtained (Pandolf et al., 1988).

(e) Continuous exercise will more reliably hold the elevated T. than will intermittent exercise.
This is best achieved using activities such as running, rather than callisthenics or routine
military duties.
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() The greatest improvements in heat tolerance appear to accrue to more protracted training
programmes (Gisolfi, 1973; Henane et al., 1977).

In conclusion, the following points require noting. While physical training can induce
a thermal adaptation, training only appears to provide this thermoregulatory benefit
during heat exposures of about two hours or less (Wyndham, 1973). In addition,
physical training, on its own, appears to be an inadequate substitute for combined
exercise and heat acclimation (Armstrong and Pandolf, 1988; Gisolfi, 1973; Lind and
Bass, 1963; Pandolf, 1979; Regan et al., 1996). From this research, it is apparent that
simply elevating T. is not sufficient to induce complete heat adaptation, and that the
elevation of peripheral tissue temperatures may provide a critical thermal stimulus to
acclimation. Once a sufficient basal fitness level has been attained, there appears to be no
further thermoregulatory advantage to be gained from additional physical training (Bean and
Eichna, 1943; Eichna ef al., 1945). Finally, it should be noted that physical training and
exercise-induced heat adaptation serve different purposes, and may require different
exercise programmes. While strenuous exercise may improve heat tolerance, heat
adaptation training may have only marginal impact upon the physical fitness of some
trained people, particularly the well-trained athlete.

3.1.3 Exercise-induced heat adaptation with solar load.

There is a paucity of information concerning the differences in exercise-induced heat
adaptation with and without a solar load. Direct solar radiation causes a much greater
rise in mean Ts than does heat produced within a laboratory, therefore evoking
different physiological responses. Data collected from goats shows a totally different
thermal response at a given air temperature when solar radiation is higher (Jessen,
1990). The critical point is that physiological systems adapt primarily to counteract
stresses which disturb homeostasis. That is, there is a degree of specificity of
adaptation. While there is ample evidence for a wide variety of positive cross
adaptations (Hensel, 1981), such transfer is often more fortuitous than deliberate. Thus,
while there is some heat adaptation transfer from training in temperate conditions to
heat tolerance, one would not expect this transfer to equate with the adaptations
induced by training in hot conditions, with a high solar load.

A few studies have addressed this issue, although perhaps more by chance than by
design. Edholm et al. (1963), Wells et al. (1980) and Armstrong et al. (1987) each studied
subjects who were exposed to direct solar radiation during a physical training
programme. Edholm et al. (1963) compared the thermal tolerance of soldiers living in
the Aden (6 weeks) with those living in Scotland. They found that natural
acclimatisation resulted in the best heat adaptation. From subjective evaluations of
military performance by officers, the naturally acclimated soldiers were superior. They
also had fewer field-related casualties.

Wells et al. (1980) found that trained and acclimatised males, who regularly exercised
under desert conditions, showed a better thermal adaptation than did either
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unacclimatised or acclimatised groups. This suggested that both endogenous and
exogenous heat loads were required for optimal heat adaptation.

Armstrong et al. (1987) studied the thermal responses, during spring and summer, in
highly-trained distance runners who continued their regular training routines
(northern U.S.A.) with their own coaches. Since these people were both highly trained
endurance athletes and continued their training outside, they would be exposed to
both a high endogenous and exogenous thermal loads, particularly during the summer
months. However, the results showed no significant difference between heat tolerance
before and after summer training. This does not mean that athletes were optimally
heat adapted, just that their adaptation state did not improve further over summer.
While these data do not indicate that solar loading is necessary for optimal exercise-
induced heat adaptation, they are consistent with those of Bean and Eichna (1943) and
Eichna et al. (1945): no further thermoregulatory advantage is gained from additional
physical training once a minimal basal fitness has been attained. The practical
implication from this work is that highly-trained endurance runners may not need
special preparation for summer competition?.

Given the relative shortage of research that has directly addressed the question of solar
loading, it is difficult to draw firm conclusions concerning this approach. Nevertheless,
since this type of exposure most closely approximates the conditions that would exist
with natural acclimatisation, it seems reasonable that this method would be superior to
simply exercising within temperate conditions. However, the general comments and
limitations concerning exercise-induced heat adaptation are again applicable.

3.1.4 Exercise-induced heat adaptation in combination with sweat clothing:

Interest in this type of heat adaptation stems from the work of Bass (1963) and Gisolfi
and Robinson (1969). Since heat adaptation is elicited by raising T. and T, then it
seems feasible that the wearing of sweat-proof clothing (e.g. vapour-barrier garments)
during exercise could be used to facilitate heat adaptation. This would have great
practical advantages over traditional heat acclimation protocols, since it would enable
more people to be acclimated in a shorter time, and at a reduced expense. However,
there is very little empirical evidence demonstrating that this procedure is any more
effective than conventional physical training at inducing heat adaptation (Allan et al.,
1965; Crowdy et al., 1965; Marcus, 1972; Dawson, 1994). [A more complete review of
this material is contained within Dawson (1994)].

At present, on the basis of the available evidence, which is itself not of high scientific
quality, there appears to be little physiological benefit to be gained from using sweat
clothing during physical training. In fact, it would appear that, unless T. is adequately

2 This does not translate to out-of-season competition, where athletes may be required to travel from
their winter to compete in summer in the other hemisphere, or in rarely encountered climatic states.
Under these circumstances, additional heat exposure may be required.
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elevated and carefully regulated, this technique offers no advantage over exercise-induced
heat adaptation.

3.1.5 Exercise-induced heat adaptation with controlled hyperthermia.

Only two research groups have used controlled hyperthermia within an exercise
protocol, to elicit heat adaptation (Havenith and van Middendorp, 1986; Regan et al.,
1996). Most previous researchers, investigating exercise-induced heat adaptation, have
neglected to control the thermal strain imposed upon their subjects. Instead, most have
evaluated the efficacy of various regimens by simply comparing heat adaptation
responses accruing to conditions ranging from unmonitored exercise through to
extreme states of exercise and heat stress. Such methodological differences have meant
that unequivocal data interpretation is almost impossible, and has made the
identification of mechanisms driving heat adaptation difficult to differentiate.
Moreover, since it is known that both T. and mean T changes elicit thermoregulatory
responses, one might predict that such afferent signals play a powerful role in thermal
adaptation. Indeed, Fox (1968) suggested an increase in T was the primary impetus for
thermoregulatory adaptation. While Chen and Elizondo (1974), investigating
differences between whole-body and local skin temperature effects on acclimation,
concluded that an increased central stimulus (Tc), in conjunction with increased local
skin temperature, was essential for heat acclimation. It is therefore more appropriate to
compare and equate physiological strain between experimental conditions on the basis
of thermal load imposed by those conditions, rather than on the basis of its secondary
impact upon physiological function.

To compare exercise-induced heat adaptation with combined exercise and heat
acclimation, Regan et al. (1996) equated between-condition thermal strain on the basis
of T. changes. Two groups of seven matched males, participated (1 hr per day, 10 days)
in one of two conditions: (i) neutral physical training (22.4°C, relative humidity 41.0%);
or (ii) combined physical training and heat acclimation (38.27°C, rh 39.7%). Controlled
hyperthermia was induced by rapidly elevating rectal temperature by 1°C (cycling),
then holding it constant by manipulating external work. Subjects completed three-
phase heat stress tests (39.8°C, rh 38.6%), before and after acclimation. While there was
a difference of 4.2°C in mean skin temperature between treatments, both regimes
elicited a similar peripheral sudomotor increase indicating a core temperature-
dependent adaptation. However, based on significant pre- versus post-acclimation
decreases in T (0.410.1°C), forehead skin blood flow (26%), perceived exertion (11%),
and a 5% increase in forehead msw (0.140.04 ml.cm?min-), the combined heat and
exercise regimen was deemed to have elicited a more complete heat acclimation.

While elevation in T. is critical to heat acclimation, it also appears necessary to
expose subjects to an exogenous thermal stress. This observation has not been
demonstrated previously under conditions of controlled hyperthermia, and verifies the
importance of skin temperature elevation in the heat acclimation process. Furthermore,
and in accordance with the observations of previous groups (Armstrong and Pandolf,

13
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1988; Gisolfi, 1973; Lind and Bass, 1963; Pandolf, 1979), this work demonstrates that
exercise-induced heat adaptation is not as effective as combined heat and exercise
acclimation, even when both conditions elicit an identical deep body thermal strain.

3.1.6 Combined exercise and heat stress acclimation.

Traditionally, heat acclimation protocols have involved the use of moderate-to-heavy
exercise (walking, running, cycling, bench stepping) within a temperature-controlled
laboratory. Such protocols are universally recognised as being superior to exercise-
induced heat adaptation procedures (Wyndham, 1973), and may be broadly
categorised into one of three general forms:

(a) Constant work rate protocols: These protocols represent the most commonly used
acclimation methods. There are almost a limitless array of ambient conditions and
exercise regimens that have been employed to induce heat acclimation (see reviews by
Greenleaf and Greenleaf, 1970 and Sciaraffa et al., 1980), however, the critical factor is
the simple and protracted elevation of Tc within a hot environment. Subjects exercise at
a fixed rate, with T. simply tracking heat storage, as heat production exceeds heat
dissipation. Since all subjects will be exercising at the same absolute intensity, T. and f-
will vary widely between subjects, and these variables are monitored to ensure subject
safety.

(b) Self-regulated exercise protocols: Within a set environmental state, subjects are given a
prescribed work : rest regime within which they select their own work rates, according
to their fitness and personal sense of effort during the course of acclimation. Again, T.
will vary between subjects, but to a smaller extent, since subjects are regulating their
own work rate, Tc and f. are monitored for safety reasons. (Miller, 1984; Armstrong et
al., 1986).

(c) Controlled hyperthermia protocols: Under these procedures, subjects exercise in the
heat, monitoring their own T, and adjusting their work rate to elicit a predetermined
and constant level of mild hyperthermia. (Turk, 1974; Turk and Worsley, 1974). We
recommend the use of this paradigm to elicit heat acclimation.

4. Recommended Heat Acclimation Procedures.

As previously noted, physical training and combined exercise-heat acclimation serve
different purposes, and may require different exercise programmes. While strenuous
exercise may improve heat tolerance, heat acclimation will have only marginal impact
upon physical fitness in the trained person, particularly when using the controlled
hyperthermia procedure. This point is particularly significant to athletic groups, since
they must remember that regular training must continue, albeit in conditions more
conducive to greater stress tolerance, with acclimation training merely acting to
enhance heat tolerance and not to replace normal training programmes. In such
groups, heat acclimation is a form of supplementary exercise.
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Because the magnitude of the acclimation effect is proportional to the size of the
thermal load imposed upon the subject, it is our view that heat acclimation which
employs exercise in the heat, in combination with the controlled hyperthermia technique,
provides the most reliable and safest means by which to acclimate people to heat stress. This
technique allows for prescription of the size of the thermal load (T elevation), which
can then be closely monitored. While any heat acclimation procedure is inherently
hazardous, this technique produces more uniform elevations in T, which are
continuously monitored by both the subjects and trained observers. Nonetheless, like
other physiological adaptations, heat acclimation is specific to the regimen utilised,
and heat tolerance may not be readily transferred to stresses of different durations,
exercise intensities or environmental conditions. To adequately implement this
procedure several critical questions must be considered.

4.1 Does acclimation to dry heat provide adequate acclimation for
humid heat?

Heat acclimation to dry and humid heat produces slightly different physiological
responses. Humid heat acclimation results in a greater elevation in mean msw than
does dry heat acclimation (Henane, 1980; Shvartz et al., 1973). However, Shvartz et al.,
(1973) found that when subjects were exposed to hot-dry conditions (50°C), following
either hot-humid or hot-dry heat acclimation, the hot-dry exposures produced a
greater reduction in thermal strain (see also: Eichna et al., 1950; Gisolfi and Robinson,
1969; Piwonka and Robinson, 1967). From the perspective of simply providing a
generalised state of heat acclimation, it appears that hot-dry exposures should be
employed. However, dry adaptation does not provide optimal protection for humid
exposures (Armstrong et al., 1987). Consequently, if one knows that personnel are
about to enter a hot-humid environment, then it would be better advised to use a hot-
humid stress, since it permits both heat adaptation (Fox, 1968; Garden et al., 1966; Shvartz et
al., 1973), and psychological adjustment to anticipated environmental conditions.

4.2 What ambient temperature should be utilised?

Having decided upon the use of dry- or humid-heat exposures, one must decide upon
the dry bulb temperature (Ta) to be used. It is impossible to provide a rigid
prescription for this temperature. However, the following guidelines are offered:

(a) Select a Ta» which is at least equivalent to the highest anticipated air temperature in
the environment for which subjects are being acclimated.

(b) Where possible, elevate this temperature a further 5-10°C to magnify the thermal
stress imposed. The key component of the current recommendations is the use of
controlled hyperthermia to induce acclimation, therefore the precision of the Tas
selection is less critical.

(c) The upper Tap limit should be about 40°C for humid exposures (i.e. >60% relative
humidity) and about 50°C for dry exposures (i.e. <30% relative humidity).

15
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4.3 What level of thermal strain (T.) should be achieved during
acclimation?

The controlled hyperthermia technique was developed using T. elevations of 38.0 -
38.8°C (Fox et al,, 1963; Turk and Worsley, 1974), while others have used fixed
elevations above pre-exposure Tc (Regan et al., 1996). While it is not possible to
prescribe an exact T. target necessary for effective heat acclimation within all
circumstances, the following points can be used to derive such a prescription:

(@) In general, the greater the T. elevation, the greater will be the heat adaptation.
However, the greater the change in T the more stressful is the acclimation regimen.
Thus, it is important to consider the relative importance of the acclimation protocol
within the general duties of the subjects. For example, in military personnel it may
be that time can be devoted solely to heat acclimation, whereas athletes must be
sufficiently recovered from their acclimation training to continue their normal
training programme.

(b) The magnitude of the T. elevation dictates the level of risk accompanying heat
acclimation. Clearly, with closely supervised, one-on-one heat acclimation, higher
T. increments may be achieved with less threat to subject safety. We strongly advise
against exceeding 39.5°C under any circumstance.

(c) There is some evidence to indicate that mean msw during acclimation should exceed
400-800 mL-h-1 for adequate sudomotor adaptation (Armstrong et al., 1985; Sciaraffa
et al., 1980). While subjects vary considerably in the sweat response to heat, it is our
experience that a 1°C in T, held for about 60 min in 36°C, will result in a mean mgw
of about 0.9-1.0 L-hr-L. It is therefore recommended that a minimal T elevation of
1°C be implemented. For simplicity, it is best to translate this into a given T, so that
both subjects and observers can readily and simply note the progress of each
subject.

(d) Since we recommend subject-monitored controlled hyperthermia, consideration
should be given to both the desired T. target, and the T. target given to each subject.
Because subjects vary in their ability to hold T. targets (Turk and Worsley, 1974), it
is probably worth asking subjects to hold targets 0.3-0.5°C greater than the desired
target, thus ensuring that all subjects will meet at least a common minimal
elevation.

(e) The duration of the exposure, and the number of exposures to be used should be
considered when determining the magnitude of the T. elevation, since these all
determine physiological strain. In general, if time is critical, a greater T. held for
longer may be more desirable.
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(f) The maintenance of high mean ms in humid heat is quite unpleasant for most
subjects (Fox et al., 1967). Accordingly, it is recommended that consideration be
given to subject comfort as the acclimation progresses.

In consideration of these points, we recommend that all subjects have their T elevated to
38.5°C. This represents a hyperthermic load which will ensure an adequate sudomotor
response, while being both safe and manageable for multiple-person treatments.

4.4 What exercise intensity should be employed during heat
acclimation?

The mode of exercise used to induce heat acclimation is only critical within the athletic
domain where the use of mode-specific ergometry has direct implications for
performance outcomes. For military requirements, it is less critical, and any exercise
mode which elevates T. is suitable. The prime consideration is usually cost, and simple
bench stepping is both cheap and well suited for use in multiple person acclimation
programmes. Consideration should be given to subject boredom wherever possible,
and it is suggested that the use of several forms of ergometry, utilised on a rotational
basis, be implemented to maximise subject interest.

Given that we recommend the use of subject-regulated controlled hyperthermia, then
the intensity of the exercise has little bearing on the efficacy of the protocol, except
during the initial elevation of T.. Here we recommend the procedures of Turk and
Worsley (1974): bench stepping (30.5 cm step), at 18 steps per minute. After reaching
the target T., subjects will implement their own work : rest routine, but when stepping,
will continue to work at about 12 steps per minute.

4.5 How long should each exposure last?

Duration is very much dependent upon the decisions made above, since the
combination of ambient temperature and exercise intensity determine the time it takes
for T. to elevate. However, the controlled hyperthermia technique permits one to
concentrate more upon exposure duration, with less concern with exercise intensity,
since the subjects will modify their work intensity to hold a constant Te.

Wyndham (1973) has suggested that to acclimate for a full eight-hour shift (mining),
acclimation exposures must be of at least four hours duration. Avellini et al. (1980)
similarly found that a two-hour acclimation (repeated over six days) was inadequate
when subjects were exposed to a four-hour heat stress test. It is tempting to suggest
that these data indicate that acclimation exposures times should be at least 50% of the
anticipated work time. While such an interpretation has not been empirically justified,
for the purpose of this report, it does form a suitable basis for the general prescription
of exposure times. In the light of these observations, the following recommendations
are possible:

17
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(a) When relatively short exposures are anticipated in the field situation (e.g. <~2 hours),
with each exposure separated by an adequate recovery time (e.g. >1 hour), then it is
recommended that acclimation exposures be of at least equal duration to those
anticipated.

(b) When longer exposures are anticipated in the field situation (e.g. >3 hours), and
when each exposure is separated by an adequate recovery time (e.g. >1.5 hour), then
it is recommended that acclimation exposures be of at least 50% of the anticipated
duration, with the minimum duration being two hours.

(c) When extended field exposures are anticipated (e.g. >4 hours), and when each
exposure is separated by only a minimal (e.g. >1 hour) or uncertain recovery time,
then it is recommended that:

(i) acclimation exposures be of at least 50% of the anticipated duration, with the
minimum duration being three hours;

(ii) when recovery is very short, it should be considered to be absent, and all
consecutive exposure durations should be summed to determine the duration of the
acclimation exposure (as in (i)); and

(iii) where possible, given the circumstance noted in (ii), commanders should be

encouraged to lengthen the rest periods between consecutive work exposures, to
maximise soldier recovery.

Can this time be best achieved using single or multiple daily exposures? From the
work of Lind and Bass (1963), it seems that the duration of the individual exposure is
more important than the combined duration of two exposures repeated within a single
day. That is, they found that a single 100 minute exposure proved better than two 50
minute exposures (morning and afternoon), which was only marginally better than a
single 50 minute exposure. Accordingly, within this study, the most economical
procedure was a single acclimation bout of 100 minutes. Since any given exposure is
associated with a time delay, due to the time taken for tissue temperatures to rise to a
critical temperature, then one long exposure would give more time at or above this
critical temperature, than would two shorter exposures with same total time in the
heat. Accordingly, it is recommended that heat acclimation protocols be based on single, daily
exposures of longer duration.

4.6 How long should the acclimation programme be continued?

There are three distinct phases of heat acclimation: acute exposure which elevates T. ;
short-term acclimation which produces an heightened mean mg. response resulting in
a sweat “overshoot' and sweat drippage; and long-term acclimation, in which there is a
reduction in both mean msw and sweat drippage (Candas, 1987). Acclimation regimens
must force subjects beyond the acute phase. Barnett and Maughan (1993) found no
evidence of acclimation with repeated heat exposures spaced one week apart, while
Libert et al., (1988) found that subjects entered the third phase following three days (72
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hours) of continuous heat exposure, during which exercise was a part of their daily
routine.

Not all physiological variables respond at the same rate to heat acclimation. Thus, the
determination of the attainment of the desired heat acclimation may vary according to
the physiological variable chosen as the marker. From an overview of the constant
work rate literature, Armstrong and Maresh (1991) have determined the approximate
number of days required for adaptation to achieve about 95% of its maximal response.
While this information is very much dependent upon the magnitude of the thermal
stress, the humidity of the environment, the duration of the exposure and the
magnitude of thermal strain achieved within experimental subjects, it does provide
valuable information when considering the number of repeat exposures to adopt for an
heat acclimation protocol.

(a) f decrease: 3-6 days;

(b) PV expansion: 3-6 days;

(c) reduced T.: 5-8 days;

(d) reduced effort perception: 3-6 days;

(e) reduced sweat sodium and chloride excretion: 5-10 days;

(f) increased mean my : 8-14 days; and

(g) reduced urine sodium and chloride excretion: 3-8 days.

Therefore, it takes up to fourteen days for all physiological systems to adapt
completely.

Ideally, acclimation programmes should last as long as possible, with approximately
14 days being the minimal limit to ensure almost complete adaptation. Shorter
duration programmes may be used when time is restricted. Under these circumstances,
the efficacy of the programme will be a simple function of two factors: treatment
duration (i.e. time of each exposure); and the duration of the anticipated heat exposure.
Turk and Worsley (1974) have shown that 86% of their subjects could be acclimated
within four days, using a one-hour controlled hyperthermia procedure. This was
tested against a one-hour heat stress test. On the other hand, Wyndham (1973) found
that to acclimate subjects for a full eight-hour shift (mining), acclimation must be at
least four hours per day for ~8-9 days. We recommend that a minimum of four days be
used, with optimal benefits being gained from an eight day protocol®.

4.7 Should water be consumed during acclimation?

For safety reasons, it is imperative that subjects drink adequately, both prior to each
acclimation treatment and during each phase of heat acclimation. Furthermore, there is
evidence to show that acclimation may be impeded without adequate fluid

3 While 14 days provides maximal heat acclimation of most physiological systems, the additional six days produce slow and minimal

daily improvements. From the perspective of time and efficiency, these additional days may not be warranted.
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replacement (Pitts et al., 1944). However it may be better to drink to replace lost mass
after each exposure, rather than during each exposure.

4.8 Once acquired, how is heat acclimation best maintained?

The benefits of heat acclimation are transient, as opposed to those of physical training,
and rapidly disappear if they are not maintained by repeated exposure to heat. Data
pertaining to the decay or loss of heat acclimation is sparse and variable within the
literature. However, it is generally agreed that the improvement in f, which develops
earlier during an acclimation regimen, is lost more rapidly than are the
thermoregulatory improvements (Lind and Bass, 1963; Williams et al., 1967; Pandolf et
al., 1977). Williams et al. (1967) found ~50% of the fc and ~25% T. adaptation were lost
within 6-7 days, with 100% and 50% (respectively) losses by 18-21 days. As a rule of
thumb, the equivalent of one day of acclimation is lost every two days (Givoni and
Goldman, 1973). However, Pandolf et al. (1977) found that subjects with a high Vospeax ,
and pre-existing acclimation state, lost acclimation effects more slowly. It appears that
factors such as the magnitude of the thermal strain, the duration of acclimation and the
number of exposures influence the rate of decay.

To maintain heat acclimation, it is recommended that one additional heat exposure be used
for each five days away from significant heat sources or exposures.
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